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IMPROVED EFFICIENCY IN THE SULFUR DIOXIDE - IODINE
HYDROGEN CYCLE THROUGH THE USE OF MAGNES1UM OXIDE*

C.F.V. Mason amd M. G. Bowman
Los Alamos National Laboratory
Univereity of California
Los Alamos, New Mexico 87545

ABSTRACT

The reaction of fodine with dry magnesium uxide
and magnesium sulfite hexahydrate was studiod experi-
mentally as a pousible means of improving the efficien-
cy of tha sulfur dioxide-iodine cycle. When no extra
water was introduced, the maximum product yield was 37%
obtained at 423 K. With excess wvater vapor, a norpo-
rous plug was formed which prevented complate reaction.
Io cha second case. maximum yield was 62 measured at
43) K showing that addead vater does not increass reac-
tion products. This reaction gives an rlternite route
for producing hydrogen from water via the sulfur diox-
ide-iodine nrocess.

INTRODUCTLION
The aulfur dioxida-lodine thermochemical hydrogen

cycle (Cenaral Atromic Cycle) can ba summarized by the
following reactions:

S0, + 1, + 2H,0 = 2HL + H,50, ()
21 » I-l2 + Iz (2)
H 80, + Hy0 + 50, + 1/20,. (&)

It s, at this time, one of the more fully developed
thermor hemical cycles with a thermal proceas efficiency
of 30% (1). The major reasona that the efficlency is
not higher are tho two cnergy {ntensive ntaps of drying
and dacomposing H,S()" and alao deying Hl for whlich phos-
panoric acid Is used.

[n urder to clrcumvent theies wwo prohloms, we pro-
pose tn carry out reactlons (1) and (3) in stages using
MRU to decrease the energy requiremants. Thus, the rel-
evint chemical changoes can be sursarized:

MO + suz + Mgsv, (4,
MpL + MnsoJ + 12 . Musua + Hulz (5)
Hnlz + Mzo * Mg + 2NI (6)

HgSOh + M@0 + S0, + 11202- (7)

b
In this way, it should be possnible to minimize the molen
ot vater mwedod for complete reactfon by using steam in
raaction (6) so thoere sre no solution stens.

fhe major potential disadvantrge of this nystem in-
volvey the oxperimental difficultien asnociated vilh
handl §1g solidas. Nowever, (n thim particular naquence,
the aolida can reaain In one place while they are wub-
Jectud to different temporatures and dit ferent paws

ek perior-med under the auspicen of the L35, De-
partment o Energy, Offlce of Bamic Energy
Sciencen, | Ivislon ot Cchoealcal Scfencen.

flows. 1t haa been found recently that another sviid
gulfate, bismuth sulfatae, can he dacomposed at rates
suitable for a c-wmercial process (2).

Thermodynamic_Considerationa

From tha Ellingham Diagrams shown in Fig. 1 [the
thermodynamic data is taken from Ref. (3)], it is seen
that, in the presenca of steam, at texperatures above
540 K any Mgl, formed should be hydrolyzed directly t>
HI and MgO. illo at 540 K, the thermal decompnsition
of HI is alreadv favored, 80. vhen souilibrium is ob-
tained about 15% decomposition will have occurred.
Kinaticallv, the establishment of this eduilibrium is
slow, especially in the absence of catalvtic surfaces
(4), The heat reavirements for tha cycle are shown:

MgO(c) + SOz(g) - HgSOJ(c) A“298 = =150.3 kWJ (8)

Iz(c) - Iz(g) AH29B = 4+ 62.3 klJ €)]
qu(l) » HZO(.) AHZOB = 4 44.0 kJ (10)

MgU(c) + Hgsoj(c) + Lz(w.) * ugsnﬁ(c) + Hglz(C).

AHygq =-68.0 kJ (11)

MRl,(c) + H,0(g) + MgU(c) + 2HI(B),
A, gq =+ 59.8 WJ (12)
NT(R) * Hy(8) + L, (R)AR, 0 = + 10.4 WJ (13)
Ly(R) » ()0l g0 = = 62,7 kJ (14)

HsSOa(c) + Mg0(c) + soz(u) + lloz(u).

Auzga =+ 390.1 kJ (13)

u20(l) . Nz(l) + lloz(u)n\ﬂz9n = + 285.9 k) (16)

200 —

AC (mol ™)

-200 1 1 1 1 |
200 400 6092 800
TEMPERATURE (K)

Fig. 1. Flltncham diagiams tor Reaction 3-a and

Reaction 0-8,



This givas a figure of marit of 0.30. If it proves
possibla to carry out reactions (1l1l) and (12) concur-
renrzly, then this figure will increase to 0.56. 1If it
is turther assused that tha exothsrmic steps can fur-
alsh tha heat for tha lower temperature sndotharmic
ateps, than the only heat that need be supplied ia for
Mg$D, decompoaition. Thus, the figure of merit is
fur:ﬁn increased to 0.73.

Chemical Considerations
It has pruviously buen established (5) that the
reactions H.O
2
HSO:‘(e) + Mg0(e) + 1,(c) » M80, (c) + MgI,(aq) (17)

N = Ca, A“E” = = 255.7 kJ

M= Ba, Aliz” = - 265.7 WJ
occur readily both in dilute aquoous golution, and when
M = Ca, 732 of tha reaction occurs at # concaentration
of 4.0 mol 1".. 1t has alao been shown (6) that vhen
M = Mg, it is unnacessary to separats the products
orior to their hvdrolvesis and thermal decomnositions,
since the tesparatures of tha two reactions are separ-
ated bv 500 K. Tharmodynamically, these reactions can
alne procead in the abaence of water:

whore M = Mg, AH - 3131 Wt

HSOJ(c) + MaO(c) + Iz(u) * HSD,:(G) + Hglz(C) (18)

[ ]
vhere M = Mg, A“Nﬂ = - 68.0 kJ

[ )
2o = -~ 119.1 kJ,

Thereture. wve syl out to studv the conditions under
which reaction (18) wiil nrocvad. Althoush we consider
here just the case of masnesium sulfite. wve hone to ax-
tend these studies to include calcium. barium, and lan-
thanum sulfites.

M = Ca, ANl =~ 106.4 kJ

M= Ba, AH

RESULTS AND DLSCUSSIUN

A thermugravinetric analvsis wan porformad on
MgS, <ol 0. The tumpuratvre range for loss of eoles
of vitar'ls uhown in Tatle 1. Above 603 K, SO, was
avolved and,was complate by 823 £ when a huuﬁu rate
of 20 min™" wvas used.

Table | Temperatura Range for Loss of Uater from

Ma5U.'6H. 0. (lleatiny Rate 20 K/min).
17"

Temperatuie (K)

Moles ul Water l.omt

W3 - 178 1
378 - 19d 2
98 -~ 410 3
413 - 44) 4
bl - 4LbB 3
&¢R - nO) b

Initinlly, o studv reaction (18) ve pasnerl dry 1,
through a minture ot MuS0,.°611,0 and Mgl at various tem=-
peratures. The cresults, ?mlll‘.-tln: partial reacrion,
are shown Ln Table 2. 1, wi!l not react with Mao (7)
and ve tound that nelther“wll!l 50, up to 374 K. The
wvater of hvdratlon periormi a4 sigill {cant role In the
reaction, Maximum vield wen vhtalned when about
2 wolen of water of hydration were prosent. The vield
drops sharply at higher temperature. The reaction touk
about 10 min, the time for the I, tu pass vhroukh the
solid bed. Therelore, the rucliun is fant albeit in-

complate. The experiment parformed at tha lowast tem-

perature was unique in this series, since it proved im-
posaible for all the I, to pass through the solids as a
nonporous plug was formded, accounting for the lov yield.

Table 2 Reaction of I, Vapor with Mg§03 and M0,

Mg50,-6H,0 = 9.8 x 10", Mgo = 9.8 x 107,
I, =11.8x 107 n

2
g0 + MRSO, + I, = MgSO, + MglL, (18)

Temperature MgSoO 2
K x 10‘-* Reaction
383 0.76 8
403 4.85 49
423 6.40 67
448 6.16 63
473 3.66 an
523 3. 22 bk}
573 2.96 30

Since, in all cases, the reaction was incomplate, the
slpariments vare rspeated, passing both I, and vater
vapor through tha solida. Thase Tasults zrn shown in
Table 3. For the two lowar temperatura experiments,
the reaction vas limited by the formation of a nonporous
solid plug which prohibited gases being passed through
it. This wvas not trua at 573 K but the overall product
yield vas low.

Tabla ] Reaction of IJ and H,g with mso_, and MgO.

H,0 = 277.5 x 1073, Conditions as in Table 2.

Temperature Mu50 4
K x 1o'ﬁu Reaction
433 6.07 62
523 2.6% 26
» 0.93 10

In order to ses whethar the observed nonporosity
wvas depandent on the amount of water vapor, the uxpuri-
Eenta vere repeatod using less vater vapor and these re-
sults are shown In Table 4. Partial inbibition to pas
flow was observed and yields obtained were very suimilar
to thova Ln Tabla 1.

Table & Reactivn of I, and H,0 with MgS50, and Mpo.

2 2

Gonditions an In Table 2.

Tumperature llzn Hmio,. 1
K xio™M  x107 M Heact Lon
42) 1).8 5.15 5%
423 27.8 3.52 3%
52) 27.8 2.49 29

Tiw measurvd amount of lodide [ormed wan loss than
that of wulfate due to Lts solubllity In acetone (8).
Further, lodide was found in the water Insoluble frac-
tion ol the wolid producta, which Ls due to MREUIDL from
the x-rav puwiler ditiractlion pattern (6). This Lm an
intermeuiale n the hvdrolyals vl Mglj:

Mgl, ¢ H,0 = M ()T & UL, (9



—n

HI was found in tha water through which the cxit gases
were passed in a asmall relatively invariant amoung.
Botn Mg(OH)I and HI accounted for no more than 3% each
of reaction products in all cases. The low amount of
HI formed, which waa approximately equivalent to the
Mg(OH)I found, shows that little S0, waa aevol-ed even
though it is concaptually possible Ehrough the follow-
ing reactiona:

MgS0, + I, + MgSO, + Mgl, + soz (20)

HgSO3 + 2 HI + HgIz + Soz + HZO. (21)
Any SO, formed was removed either by absorption on Mgo,
or‘whigh ia more likely by reaction with Iz:

SO2 + 12 + ZHZO > H280A + 2HI. (22)

The HI would be present in the water through which the
exit gasas wera bubbled and would result in higher io-
dide analyses than in Mg(OH)I. This was not found in-
dicating little SO2 evolutaon.

Any HI evolved, therefore, may react preferential~
ly with MgO:

MgO + 2 HI + MgI, + R, (¥ a2)

instead of vith HsSOJ.

At temperatures greater than 540 K where the re-
verse of reaction (12) is favored, the results indicate
lov overall reaction and no enhanced HI formation.

Thus it appeara that, for optimal yields., if this ar-
proach is adopted, reaction (18) should take place
around 423 K, followed by an increase in temperature
and excess vater to hydrolyse Mgl,. This tLemperature
increase muat be sufficient to obelin porositv of the
reactant molids ( - 573 K).

However, as the reaction yields do not reach 100Z,
and as the approach described sidesteps the isesue of
80, reacting wich MgO, an alternative approach was Ln-~
veitigated. If So,, l,, and H,0 were mixed prior to a
Mg0 bed, then the ?lulda pnlsiau through tha bed would

bo mainly H,SOA and HI:

soz + [z + 2H20 - szu4 + 241, (22)
The MgO bed acts a medium to separate HI and "2504’

2H1 + HZSOG + 2 MgO -+ HgSOA + Hglz + 2“20 (213)

Possibly some hydrolyals of Mgl will oceur. Separa-
tion takes place by hydrol_vulnu"Mu.l2 around 600 K and
decomposlng HgSUb at about 1200 K.

Theretore, preheatud N,sua and /or NI were pasnsed
through a Mgy bud; the ramultn are given {n Tablao 9,

For *he came of 4,50, along the reactlon was
naarly complete rsince ﬂqséh (g wtill n Hqudd avt )81 K
(bp 411 K). This is unlrua for Hl. The extent of the
raact fon was diminished due efthur to In situ hydroly-
wis of Mgl,ur to a diffusion limited rate since o pan/
solld reaclion waw taking place. When a mixtura of
Ranes wan unad sulfate formatfon was decreased. The
overall ylelda were found to be lower than in the pre-
vioun approach which involvea the prior formation of
Husur

Tabla 5 Rasulte of passing HI (55%Z) and or H.50, (96X;

through Mg0 at 18] K.

Mgo 1,50, H1

Mx102  Mx1072  Mx10

Resulta

-2 -2

Mx10

9.0 9.0 —— 7.8 anh.HgSOA(BSZ)
1.1 MgO

0.7 unreacted stoh

paased through

Yru

1.4 anh. Hglz(JSZ)
MgO residue

1.0 anh. Hgsoh 37%)
6.8 Mgu

trace Mgl (4%)

0.5 anh. ngsok (7r)
2.4 Mg0

- 40% Mgl

3.8 ——- 4.0

8.2 2.7 5.4

3.9 1.4 2.7

2

Formation of MgSO.'6H.0 is the cruciul precursor
to reaction (18). It fan Be formed (9) by bubbling SO,
through an aqueous slurry of Mg0. Since MgSO -GHZO in
relatively insoluble the solid mixture of u;o’-nd
HgSOa'ﬁH O can be dried once rhe SO, upruke is such
that hnli the oxide has baen lul[ltid.

In reality, reactions (8) and (11) should be wodi-
fied to include the energlez ot hydration and dehydra-
tion:

MRO(c) + S0,(g) + 6H,0(1) = MRSO,6H,0(c) 124)
L ]
Aygq = ~ 194.5 kJ
MRS, - 6H,0(c) = MRSO.-2H,0(c) + 4it,0(R) 25

AHz9a =+ 229.2 kJ

MRS, 211,0(c) + MRO(c) + Ly(R) * MRSO, (c) + Mgl,(e) +

24,0(g) \H == 310.6 kJ (26)

298
= = 43,00 kJ (27)

OHZO(g) 4 6"20(1) 1"290

There i sufficlent heat liberated In (26) to fuel
the lowyr temperature dehvdcation (25). Thua hvdrate
formatiun, while enabling the cvcle steps to be carried
out as In the original hypotheslis, do not result in any
averall drup Ln the tigure of merit.

CONCLUS LONS

No advantage Le galned by using adiitional water
for roaction (14). The optimal yleld (8/2) was obtain-
ed at 423 K when botween 2 and } moles ot water por
M50, stil] remalved. This Ll lnaufflclant water to
hvdrdlyuu Ma', and thus subnajuent Mgl hydrolvels must,
he carrled nut a1 a hiigh enough temperiture to wvep the
solid bed poroun - as found at 573 K.  Slde reactions
Ilnvolving the evolution of 80, Jdo not take o Thum
these reactions aay provide al atternative 2 for
hydruogen production trom water via the 50,-1, process.

EXPERIMENTAL

MRSO 6H O (Gl Chemical Corp,) was purlfied by
mixing ulah witir Lo remrve anv aulfate prasont belora
drving at 343 K and the residual sulfate gstinated
gravimetreically (73.22). MuQ (Mallinkrodt) ard
Mgsn]-hnzn wore mlaed and placed on n glaws frit in the



center of a pyrex tube (i.d. 2.3 cm), inside a vertical
tube furnace. I, (and H,0) were vaporized and passed
through tha tube“in a stfeam o argon in about 10 min.
The s0lid products were analyzed by first removinyg the
excess I,, uging p-xylene and acetone. Mgl,, as well
as I., 18 soluble in acetone, suv that the extent of
reacfion was measured by asulfate analysis cf rthe water
~o'uble fraction using standard gravimetric procedures
(L0) 1fter boiling the acidified solution to remove anv
acluble sulfite. Some iodide was also found (3%) in
the water through which the gases were passed atter
leaving the reaction rube. Sulid reaction products
were identified by x-ra- powder diffraction patterns.
The tharmogravime’ .ilysis was carried out on a
Dupont 900 Therm.. .nalyzer.
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